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Abstract 
The Prototype Fast Breeder Reactor (PFBR) is currently under construction at Kalpakkam, India. PFBR 
has eight numbers of sodium heated once through Steam Generators (SG) each with 157 MWt capacity. 
Parts like steam generator tube sheet will see high temperature gradients during normal operation as 
well as in transient conditions. Thermal baffles are provided to protect the steam generator tub e sheets 
from the high temperature gradients during transient and steady state conditions. In Steam Generator 
Test Facility (SGTF) of IGCAR a 5.5MWt capacity SG was tested for its thermal hydraulic 
performance.  Effectiveness of the thermal baffles provided in the model SG of PFBR is studied 
numerically and the performance of the same has been predicted. Further Transient experiments were 
conducted in Steam Generator Test Facility for evaluating the same. This paper brings out the details of 
numerical studies and the experimental evaluation of the effectiveness of thermal baffles provided to 
protect the steam generator tube sheets. 
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Nomenclature 
 
Cps specific heat capacity of sodium                                g          acceleration due to gravity 
ken enhanced conductivity                                               ks          conductivity of fluid 
L Characteristic height of the geometry                       Qactual    actual heat transfer 
Nus  Nusselt number for sodium application                    Ra         Rayleigh number  
Nuw  Nusselt number for water application                       α         Cp
k
U  
Prf Prandtl number with film properties                         Th         is hot surface temperature    
Prw Prandtl number with wall properties                        Tc          is cold surface temperature 
Qco heat transfer if it is by conduction only                   ρs          density of sodium 
β volumetric expansion coefficient of sodium 
μ  dynamic viscosity of sodium 
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1. Introduction 
    Different transients in the power plant will induce thermal and mechanical loading to the components  
of the power plant.The mechanical damage due to thermal transients will be much severe in sodium 
environment compared to the conventional heat transport systems as the change in temperature of the 
fluid will transmit to the structure much quickly in sodium environment . This is due to the excellent 
heat transfer properties of liquid sodium compared to the conventional heat transport mediums   This 
leads to the necessity of preventive mechanism to protect the thick parts of the sodium components 
from the severe thermal shock. Tube sheets of the steam generator are one of the components which 
undergo severe thermal shocks during the operational transients. It experience high differential 
temperature of 120 oC across its thickness during the steady state operation also. In order to reduce the 
magnitude of the differential temperature during steady state operation and the thermal shock during the 
operational transient, thermal baffles are provided above the bot tom tube sheet and below the top tube 
sheet of steam generator.  
2. Description 
    In Steam Generator Test Facility a 19 tube model of the sodium heated once through Steam 
Generator (SG) used in PFBR is tested at the same process conditions. Fig.1 shows the schematic of 
steam generator. In the SG of SGTF, heat exchange takes place from sodium which enters at 525 oC and 
leaves at 355 oC   to the water / steam which enters at 235 oC and leaves at 493 oC.   These operating 
temperatures give a differential temperature of 120 oC  
 
 
Fig. 1.Schematic of Steam generator 
 
across bottom tube sheet of Steam Generator. In case of loss of feed water flow incident, the hot sodium 
at 525 oC from the oil fired sodium heater, the heat source in the facility, will flow through the Steam 
Generator and this cause thermal shock in thick components like bottom tube sheet. To reduce the 
steady state differential temperature and thermal shock during transient , four numbers of baffles are 
provided above the bottom tube sheet. Same arrangement of thermal baffles exists below the top tube 
sheet of SG.   The arrangement of thermal baffles in the model steam generator is similar to that of 
PFBR SG. One thermal baffle consists of six pieces of 60o sectors with a maximum gap of 4 mm. The 
gap between the sectors of one thermal baffle is out of phase by 30o with the gaps between the sectors 
of the next thermal baffle.  The 8mm thick thermal baffles are made of Mod 9 Cr 1 Mo steel which is 
same material of construction of tube, tube sheet and shell of Steam Generator. The gap between the 
baffles is 6 mm. Fig. 2 shows the details of Steam Generator bottom tube sheet and thermal baffle 
arrangement.  
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Fig.2.Details of SG bottom tube sheet 
 
    Among all the enveloping incidents the incident of loss of feed water flow to the steam generator will 
give maximum temperature variation in the steam generator. The effect of this incident on the bottom 
tube sheet of steam generator was studied   numerically and experimentally.  
3. Numerical evaluation 
    The heat conduction study was conducted with a Finite Element Model of bottom tube sheet and 
thermal baffles assembly. 30o sector of the tube sheet and thermal baffles is taken for the analysis as the 
assembly is symmetrical for 30o sector. Sodium present in the gaps between thermal baffles and in the 
gap between thermal baffles and tubes are modeled as per the original dimensions. The study was 
conducted using a finite element three dimensional 30o sector model. Thermal conductivity of the baffle 
material km is taken as 29.0w/m oC. The equivalent thermal conductivity of sodium to accommodate the 
conduction and cellular convection in the narrow gaps between the thermal baffle s is calculated as a 
solid object with enhanced conductivity in vertical direction. Conductivity in radial and circumferential 
direction kept same as liquid sodium conductivity. To calculate the value of enhanced conductivity the 
conduction layer model for calculating heat transfer coefficients in cavity as per Reference 1 is used. 
The procedure adopted to calculate the enhanced conductivity due to natural convection in the cavity is 
as follows. 
Nu =  
coQ
actualQ  
 = 
sk
enk   
Nu is given by the following correlation 
 
Nu  = 282.0171.0 Ra   for  104 < Ra < 108 
 
Where 
Ra   =  PD
EU 3)( LTTg ch    
     On the sodium wetted surfaces of the model is applied a convective heat transfer coefficient of 
24200W/m2 K with a bulk sodium temperature of 355oC. The sodium heat transfer coefficient is 
calculated by the following empirical equation [2]. 
 
827.00185.082.4 PeNus   
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Fig. 3.Temperature distribution of Steam Generator bottom tube sheet under normal operating conditions.  
 
    On water wetted surfaces of the feed water inlet channel and tube inner surface is applied a 
convective heat transfer coefficient of 7500W/m2 K with a bulk feed water temperature of 235oC. The 
water film heat transfer coefficient is calculated by the following empirical equation [4]. 
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    The temperature distribution on the SG bottom tube sheet derived by the calculations using FEA 
model is given in Fig 3. From the results it can be observed that the temperature variation in tube sheet 
is gradual and the tube sheet is not exposed to high temperature gradient. The maximum temperature 
seen by the tube sheet is 305oC and this temperature is exposed in the tube sheet to shell fillet portion. A 
temperature difference of 120oC in the process fluids gives a temperature difference of 70oC in the thick 
tube sheet. Still wall of the tube portions which is just outside thermal baffle will be exposed to a 
temperature difference near to 120oC.  
 
     Sequence of incidents during loss of feed water flow is as follows 
x Steam Generator is operating at rated parameters at time t = 0 
x Boiler Feed pump trips and feed water flow to SG stops. 
x Oil fired heater trips as safety action 
x Sodium pump continue to operate at rated flow 
 
    A three dimensional transient thermal analysis was carried out to derive the thermal response of tube 
sheet and baffle assembly when it exposed to a cyclic sodium temperature variation followed by loss of 
feed water flow incident. The same finite element model used for static thermal analysis was used for 
transient studies also. The temperature profile obtained from static thermal analysis was given as the 
initial condition for the transient study (time t = 0). On sodium side an average convective heat transfer 
coefficient based on average temperature was applied through out the study. The transient calculation 
was done for a period of 2000 seconds.   
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Fig. 4.Bottom tube sheet Temperature variations followed by loss of feed water flow to SG – Obtained by 
numerical simulations 
 
    Tube sheet temperature at top surface and bottom surface is plotted with sodium temperature in Fig 4. 
From the results it can be seen that the maximum amplitude of temperature oscillation at tube sheet top 
surface is around 61oC with a time period of 9 minutes compared to the amplitude of 170oC in sodium 
temperature. Tube sheet bottom surface temperature is rising slowly without any oscillations. The 
analysis shows that temperature drops in 8mm thick thermal baffle is four times more than in the 6mm 
sodium gap. This is basically due to high thermal conductivity of sodium compared to Modified 9Cr-
1Mo steel. The amplitude of the temperature oscillation is less for the thermal baffles near to the tube 
sheet compared to the upper ones.  
 
4. Experimental studies 
 
    Cromel-Alumel type thermocouples of 3 mm diameter mounted in thermo wells are used for sodium 
temperature measurement at the inlet and outlet of SG. These thermocouples are having an accuracy of 
± 2.5oC. 20 numbers of bare thermocouples are provided inside Steam Generator to measure the sodium 
film temperature at different radial and axial locations of Steam Generator. Thermocouples are provided 
on the top surface of the bottom tube sheet and above the top most thermal shield of the bottom tube 
sheet to check the effectiveness of the thermal baffle arrangement. These thermocouples are also having 
an accuracy of ±2.5oC in the operating range. No temperature measurement is available at the bottom 
surface of the SG bottom tube sheet.  
    During the steady state operation of the steam generator at 5.5MW t power condition the sodium 
outlet temperature was measured as 344oC and the feed water inlet temperature was measured as 233oC. 
The tube sheet top surface temperature was measured as 302oC. The observed temperature drop of 42oC 
across the thermal baffle arrangement was in close agreement with the numerically predicted 
temperature drop of 50oC across the thermal baffles.  
    With SG operating at steady state with rated power and rated parameters, feed water supply to the 
steam generator was stopped. During the transient conditions different parameters such as Sodium 
temperature at SG inlet/outlet, Bottom and Top thermal shield/tube sheet temperatures were monitored 
and recorded continuously. After the loss of feed water incident the sodium temperature at the SG 
bottom increased from 344oC to 498oC in 150 seconds. This is an increase of 154°C in bottom thermal 
shield sodium temperature within 150 seconds at a rate of   62°C/min followed by the loss of feed water 
incident. This rise in temperature is due to the influx of hot sodium from the sodium heater to the SG 
bottom tube sheet location without being cooled in SG. But at the same time the increase in temperature 
observed at the top surface of the bottom tube sheet was  90oC that is from 302oC to 392oC in 240s. The 
corresponding rate of temperature rise is 22.5°C/min. Further both the shield and tube sheet 
temperatures profiles and their trends are similar. At any instant, shield temperature is well above the 
corresponding tube sheet temperature. Temperature variations of sodium above bottom thermal baffle 
and tube sheet surface temperature after loss of feed water incident are shown in Fig.5 
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Fig. 5.Bottom tube sheet surface temperature with sodium temperature followed by loss of  
feed water flow to SG by experiments 
 
    The experimentally observed thermal characteristic of the steam generator bottom tube sheet thermal 
baffle arrangement is in line with the numerically predicted characteristics. The amplitude of the 
sodium temperature oscillation and the tube sheet top surface temperature oscillations were in close 
agreement. The actual rate of temperature rise of sodium and tube sheet is less than the rate predicted by 
the numerical simulations. This is mainly due to the cooling of sodium caused b y the evaporation of 
stagnant residual water present in the feed water system followed by the drop in feed water pressure. 
Thus thermal loading on tube sheet during steady state operating conditions and transient conditions  are 
adequately taken care by the thermal shields. 
 
5. Summary 
 
    The loss of feed water flow to the steam generator is the operational transient which gives maximum 
thermal loading to the SG bottom tube sheet. The performance of the thermal baffle provided above the 
SG bottom tube sheet was studied by means of numerical simulations and by   experiment for the 
condition of    loss of feed water to SG.   The rise of sodium temperature during the transient at bottom 
tube sheet location was 154oC in 150 seconds.  The presence of thermal baffles attenuated this thermal 
shock to 90oC temperature rise in 240 seconds on the tube sheet top surface. The rate of temperature 
rise seen by the tube sheet top surface is only 35% in magnitude to that seen by the sodium at the 
thermal baffle top surface. The experimental observations are in close agreement with the result 
obtained by numerical simulations. 
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